The flaviviral envelope proteins, E protein and precursor membrane protein, are mainly associated with the endoplasmic reticulum (ER) through two transmembrane (TM) Key words: recombinant yellow fever 17D virus -GFP expression -ER retention -deletion and insertion mutants Yellow fever (YF) virus is the prototype member of the genus Flavivirus of the Flaviviridae family. The YF genome consists of a 10,832-nucleotide (nt) positive, single-stranded RNA and contains a single open reading frame that is translated into a 3410-amino acid polyprotein precursor. The specific proteolytic cleavage of this precursor by cellular proteases and the viral NS2B/NS3 proteolytic complex leads to the generation of structural proteins [the C, precursor membrane (PrM), M and E constituents of the viral particle] and the nonstructural proteins (the NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 components of the viral replicative complex). During flavivirus cell propagation, there is an extensive rearrangement of endoplasmic reticulum (ER)-derived membranes that raises specialised and distinct sites of viral replication and assembly (Mackenzie 2005 , Welsch et al. 2009 , Gillespie et al. 2010 . The E and prM proteins, which are the envelope proteins, are translocated to the ER and exposed to the luminal face of this compartment. Both proteins remain associated with the ER membrane through their carboxy-terminal regions, which consist of a pair of antiparallel helices traversing the membrane (Zhang et al. 2003 ). The E protein is the major constituent of the flaviviral envelope. In the infectious viral particle, E protein exists as a slightly bent, elongated head-to-tail dimer that is orientated parallel to the viral membrane. The E monomer has three domains in its ectodomain portion: the structurally central, N-terminal domain I, followed by the dimerisation domain II, and the carboxy-terminal, Ig-like domain III. The carboxy terminus of approximately 100 amino acid residues is denominated of stem-anchor (SA) region. The stem is composed of two α-helixes buried in the outer leaflet of the viral membrane and the anchor is composed of two antiparallel, coiled-coil transmembrane (TM) domains. Similarly, alpha-helix near the N terminus of prM/M is partially submerged in the outer lipid bilayer and the carboxy-terminal region of M consists of a pair of antiparallel helices traversing the membrane (Zhang et al. 2003) .
The E protein is the major constituent of the flaviviral envelope. In the infectious viral particle, E protein exists as a slightly bent, elongated head-to-tail dimer that is orientated parallel to the viral membrane. The E monomer has three domains in its ectodomain portion: the structurally central, N-terminal domain I, followed by the dimerisation domain II, and the carboxy-terminal, Ig-like domain III. The carboxy terminus of approximately 100 amino acid residues is denominated of stem-anchor (SA) region. The stem is composed of two α-helixes buried in the outer leaflet of the viral membrane and the anchor is composed of two antiparallel, coiled-coil transmembrane (TM) domains. Similarly, alpha-helix near the N terminus of prM/M is partially submerged in the outer lipid bilayer and the carboxy-terminal region of M consists of a pair of antiparallel helices traversing the membrane (Zhang et al. 2003) .
Previous studies have shown that the majority of intracellular prM and E is localised to the ER as stable heterodimers; indeed, heterodimer formation between prM and E starts shortly after synthesis (Lorenz et al. 2002) . The viral particles are formed by the budding of the nucleocapsid into the lumen of the ER, which is subsequently covered by the envelope lipid membrane with a network of anchored E and prM proteins. The prM/E association appears essential for preventing protein E from suffering low-pH rearrangements during transport through the acidic compartments of the trans-Golgi network. In this compartment, shortly before the virus is released from the cell, the pr portion is cleaved from prM by the cellular protease furin and the E protein dimer reaches its final native conformation, which leads to the formation of mature virions with E and M molecules on their envelope surface (Stadler et al. 1997 , Yu et al. 2008 ). The heterodimer formation and the virus particle assembly likely depend on the accumulation of these proteins in the ER (Lorenz et al. 2003 , Op De Beeck et al. 2004 ). Several ER-retrieval motifs were mapped in the TM regions of the E and prM proteins, predominantly through chimerisation experiments adding different parts of the flaviviral E-TM to cell surface proteins, such as CD4 (Hsieh et al. 2010) . Hence, substitutions of non-hydrophobic residues in the first and second E protein TM regions and the increase in the length of these alpha-helices led to the export of the chimeric proteins from the ER. Interestingly, the TM domains of the envelope proteins are relatively shorter than those found in viruses, which are assembled at the cell membrane (Hsieh et al. 2010 ). The same organelle-specific properties were determined in previous studies comparing the TM domains of early and late compartment proteins and indicated a difference in TM length and thus bilayer thickness (Bretscher & Munro 1993 , Levine et al. 2000 , Sharpe et al. 2010 . These findings support a TM-dependent sorting mechanism for viral envelope proteins.
We have developed a method to express foreign antigens between the E and NS1 regions of the YF 17D genome (Bonaldo et al. 2007 (Bonaldo et al. , 2010 . The recombinant protein is engineered to contain in its amino and carboxy termini functional motifs present in conserved sequences flanking the E and NS1 intergenic region. One of these regions is the SA region of E protein, which was fused to the carboxy terminus of the heterologous green fluorescent protein (GFP). Accordingly, the presence of the retention signal in these domains, which indicates that the recombinant GFP protein is expressed by the YF 17D viruses, was associated exclusively with the ER and not with other organelles or even secreted to the infected cell culture supernatant. In this work, we investigated whether modifications in the SA region fused to GFP could induce the export of the recombinant protein from the ER. For this purpose, we have introduced several mutations in the SA region of the recombinant GFP expressed by the YF 17D viruses. This study represents the first time that these changes were evaluated in a live flavivirus to analyse whether the recombinant protein was retained in the ER.
MaTERialS aND METhoDS
Cell culture and virus multiplication -Vero cells (ATCC) were grown in Earle's 199 medium supplemented with 5% foetal bovine serum (FBS). Viral stocks were obtained after Vero cells monolayer infection at a multiplicity (MOI) of 0.1. The supernatant was collected and titred by plaque assay on Vero cells at a density of 50,000/ cm 2 . Growth curves were determined as described previously (Bonaldo et al. 2005) . Briefly, Vero cell monolayers at a density of 62,500/cm 2 were infected at a MOI of 0.02. After 24 h intervals post-infection (p.i.), the supernatant was collected and the viral replication rate was estimated by plaque titration. The results were expressed by plaque forming units (PFU/mL). The viral growth peaks were compared using the one way analysis of variance (ANO-VA) test. Dunnett's post-test was selected to compare the growth of parental YF17DE200T3 with the other recombinants 72 h p.i. (GraphPad Prism 5.03 Program).
Construction of cDNA templates and virus recovery -
The recombinant YF infectious clones were obtained as described previously (Bonaldo et al. 2007 ). The YF17D/ EGFP/ΔH1CS insert construct was obtained by two rounds of polymerase chain reaction (PCR) amplification. In the first round, the amplification of the GFP fragment (pEGFP-C2) (Clontech) with forward primer RG328 (5'-CTAGGAGTTGGCGCCGATCAAGGAGCGCCA-TCAACTTTGGCGTGAGCAAGGGCGAGGAGCT-3') and reverse primer RG332 (5'-CCGTATGAATTC-CTTTCCCAACCGAAGTCTTGTACAGCTCGTCCA-TGCCG-3') generated a product of 768 bp containing 15 nt of the 3'E gene, 27 nt of 5'NS1, the GFP gene and 28 nt of the 5'E-H2 gene. A second fragment was also created via the amplification of 22 nt of the 3'GFP gene, E-H2, E-TM1, E-TM2 and 27 nt of the 5'NS1 coding sequence from pT3 plasmid (15) with forward primer RG333 (5'-CGGCATGGACGAGCTGTACAAGACT-TCGGTTGGGAAAGGAATTCATACGG-3') and reverse primer RG331 (5'-GCCAAAGTTGATGGCG-CATCCTTGATCGGCGCCAACTCCTAGAGAC-3'), which created a DNA fragment of 244 bp. These two DNA fragments were used to obtain a 981 bp recombinant cassette that contained 15 nt of the 3'E gene, 27 nt of 5'NS1, the GFP gene, E-H2, E-TM1, E-TM2 and 27 nt of 5'NS1 in the presence of RG328 and RG331, which was then cloned into the pT3 plasmid and used to obtain the cDNA template. A similar approach was employed to obtain the other GFP derivatives. The YF17D/EGFP/ ΔH1CSH2 virus construct was generated by means of a first round amplicon of 793 bp, which was derived from pEGFP-C2 amplification using the RG328 and RG412 primers (5'-CCTTTGTTATCCAGTTCAAGCCGCCA-AATAGAGACCCCTTGTACAGCTCGTCCATGC-CGAGAG-3') containing 15 nt of the 3'E gene, 27 nt of 5'NS1, the GFP gene and 36 nt of 5'E-TM1 and a 205 bp fragment containing 24 nt of 3'GFP, E-TM1, E-TM2 and 27 nt of the 5'NS1 gene from the pT3 plasmid in the presence of primers RG413 (5'-CTCTCGGCATGGAC-GAGCTGTACAAGGGGTCTCTATTTGGCGGCTT-GAACTGGATAACAAAGG-3') and RG331. The 936 bp GFP resulting DNA fragment containing 15 nt of the 3'E gene, 27 nt of 5'NS1, the GFP gene, E-TM1, E-TM2 and 27 nt of 5'NS1 was obtained using the RG328 and RG331 oligonucleotides. To generate the construct YF17D/GFP/ TM1-TM LAMP, where the E-TM1 of the YF 17D virus was replaced by the human LAMP-1 protein TM region, we first produced four fragments derived from the pT3 plasmid and the pEGFP-C2 plasmid. Fragment 1 was 785 bp long and was amplified from pEGFP with forward primer RG328 and reverse primer RG452 (5'-GT-GAACAACTTTCCTATTGAGCTTCCCTCCTTGTA-CAGCTCGTCCATGCCGAGAG-3). This fragment had 15 nt of the 3'E gene, 27 nt of the 5'NS1 gene, the entire GFP gene and 31 nt of the 5' E-TM1 gene. Fragment 2 was 230 bp long and was obtained from the amplification of pT3 with forward primer RG453 (5'-CTCTCGGCAT-GGACGAGCTGTACAAGGAGGGAAGCTCAATAG-GAAAGTTGTTCAC-3') and reverse primer RG458 (5'-CCCAGCCAGGGCACCC-CCGACGGCTATAG-GGATGCCGCCAAATAGCCCCTGAAAGG-3) and contained the 24 nt of the 3'GFP gene, H1, CS, H2, 6 nt of E-TM1 and 36 nt of the 5'TM LAMP-1 gene. Fragment 3 was 247 bp long and was amplified using pT3 as a template with forward primer RG459 (5'-CTTGATT-GCTTATCTGGTGGGAACAAGAAACATGACAAT-GTCCATGAGCATGATC-3') and reverse primer RG460 (5´-CACAGGATCTTCTGGATAGTATGAGTACTTGT TCAGCCAGTCATCAGAGTCTC-3') and consisted of 21 nt of the 3'TM LAMP-1 gene, E-TM2 and 149 nt of the 5'NS1 gene. Fragment 4 was 266 bp long and was obtained with fragment 2 as an amplification template with forward primer RG453 and reverse primer RG461 (5'-TCCCACCAGATAAGCAATCAAGACAATAA-GAACTAGCCCAGCCAGGGCACCCCCGACGGC-TATAGGGAT-3). Fragment 4 contained 24 nt of the 3'GFP gene, H1, CS, H2, 6 nt of E-TM1 and the entire sequence of TM LAMP-1. The second round of amplification consisted of the creation of the larger fragment 5 (492 bp) by PCR fusion of fragments 3 and 4 using the primers RG453 and RG460. Fragment 5 contained 24 nt of the 3'GFP gene, H1, CS, H2, 6 nt of E-TM1, TM LAMP-1, E-TM2 and 149 nt of 5'NS1. The entire GFP expression cassette was yielded by fusion PCR using the 1st and 5th fragments with the oligonucleotides RG328 and RG460. This fragment of 1,101 bp consisted of 15 nt of the 3'E gene, 27 nt of 5'NS1, the entire GFP gene, H1, CS, H2, 6 nt of E-TM1, TM LAMP-1, E-TM2 and 149 nt of 5'NS1. The recombinant GFP cassette carrying E-TM1 sequence with an insert coding from VALLLVA was obtained from GeneScript and was cloned into pT3 to generate the virus 17D/EGFP/TM1 + VALLLVA. All PCR amplifications were performed with Pfx DNA polymerase (Invitrogen) and the products were purified with a silica-based column QIAquick PCR Purification Kit (QIAGEN) and cloned into the pGEM-T plasmid (Promega) using electrocompetent Escherichia coli Sure (Stratagene). The recombinant pT3 plasmids were obtained by cloning Nar I GFP inserts and were sequenced to confirm the insert orientation and integrity. All of the YF cDNA templates were obtained using the two-plasmid method as previously described (Rice et al. 1989 , Bonaldo et al. 2002 . The other viruses included in our study were YF17D/EGFP/SA, which contained the entire YF SA and the parental control virus YF17D/ E200T3 (Bonaldo et al. 2007 ). All of the cDNA templates were linearised by XhoI digestion and subjected to in vitro transcription by SP6 RNA polymerase (AmpliScribe SP6 kit, Epicentre Technologies). The RNA samples were transfected into Vero cells as previously reported (Bonaldo et al. 2002) . The cultures were observed daily until a cytopathic effect was evident. The viral supernatants resulting from transfection were used to prepare viral stocks.
Western blot analysis -The cellular extracts were obtained after two washes with phosphate buffered saline (PBS) and resuspension in lysis buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA; 0.25% Triton X-100; 25 mg/mL PMSF, 50 µM leupeptin) at approximately 5 x 10 6 cells/mL. Lysates were vortexed for 1 min and clarified by spinning for 1 min at top speed on a benchtop microfuge. The solutions were mixed with 4 x Laemmli buffer (125 mM Tris-HCl, pH 6.8; 20% glycerol; 4% SDS; 0.1% bromophenol blue dye; 10% betamercaptoethanol) and heated for 5 min at 95ºC. Proteins in the cellular extracts were resolved by sodium dodecyl sulfate (SDS-PAGE) and subsequently transferred to nitrocellulose membranes. The membranes were blocked with 5% milk in PBS, washed with PBS and incubated overnight at 4ºC with rabbit polyclonal NS3 antibody (Carpp et al. 2011) or rabbit polyclonal GFP antibody (Invitrogen). The blots were then treated with horseradish peroxidase-conjugated rabbit (GE Healthcare) for 1 h at room temperature (RT), washed and detected by a chemiluminescence reagent (ECL, GE Healthcare).
Metabolic labelling and immunoprecipitation -Vero cells were infected at a MOI of 0.5 PFU/cell in 60 mm dishes at 62,500 cells/cm 2 . After 72 h of incubation, the cells were starved in methionine-free Dulbecco's modified Eagle medium and labelled with 50 μCi L-[ 35 S] methionine (Easy Tag, Perkin Elmer) for 1 h. The cells were washed and incubated with 2 mL of Earle's 199 medium with 2% FBS for 6 h at 37ºC in a CO 2 incubator. The supernatants were removed and centrifuged for 2 min at 1,500 g. Phenylmethanesulfonyl fluoride (PMSF) was added to 0.1 mM and the adherent cells were scraped off and lysed under non-denaturing conditions (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA; 0.25% Triton X-100; 25 mg/mL PMSF, 50 µM leupeptin). The cell extracts (250 μL) and culture supernatants (800 μL) were immunoprecipitated with mouse polyclonal hyperimmune ascitic fluid to the YF 17D (NIAID) and rabbit anti GFP IgG fractions (Invitrogen). Immunoprecipitates were fractionated with protein A-agarose (Invitrogen) and analysed by 10% SDS-PAGE. The gels were dried and fluorographed using Amersham Amplify fluorographic reagent (GE Healthcare) at -80ºC.
Confocal immunofluorescence microscopy -Vero cells at 30,000 cell/cm 2 were grown on 8-well Lab-Tek Chamber Slides (Nunc) and infected with viruses at a MOI of 0.1. At 72 h p.i., the cells were fixed with 4% paraformaldehyde-phosphate buffer 0.1 M (pH 7.8) for 2 min at 37ºC in a CO 2 incubator. The cells were permeabilised with PBS 0.5% Triton X-100 for 15 min and incubated with primary anti-human golgin-97 mouse monoclonal antibody (1:100, Invitrogen) and secondary antibody Alexa Fluor 546 goat anti-mouse IgG (1:400, Invitrogen), each for 1 h at RT. For lectin-based staining, the infected cells were fixed without Triton X-100 treatment and were reacted with wheat germ agglutinin (WGA) tetramethylrhodamine conjugate (Molecular Probes) according to the instructions of the manufacturer. The nuclei were counterstained with 4'-6-diamidino-2-phenylindole (DAPI) (Molecular Probes). In vivo cells were labelled with 1,000 nM ER-Tracker Red (1:2000, Molecular Probes;) in HBSS medium (GIBCO) or with LysoTracker Red DND-99 (1:6000, Molecular Probes) in PBS for 1 h at 37ºC. After four washes, the cells were fixed and the coverslips were mounted on slides with SlowFade Gold antifade reagent with DAPI. Confocal microscopy was performed with a Carl Zeiss confocal laser-scanning microscope model LSM 510 META and the image was acquired with LSM Image Browser 3.5 Software.
RESulTS

Construction of recombinant viruses -
The insertion of foreign proteins in the intergenic E/NS1 region must not interfere with the correct topology of the YF viral proteins and precursor polyprotein processing in the ER membrane. Consequently, the insertion takes into account the fusion to the heterologous protein of nine amino acid residues of the N-terminal of NS1 and of 96 amino acid residues of the E protein SA region at the amino and carboxy termini, respectively (Bonaldo et al. 2007 ). The SA region is relatively conserved among flaviviral E proteins and has four alpha-helixes that comprise two TM domains (Fig. 1) . As previously described, the recombinant protein expressed by the YF17D/GFP/SA carrying the two TM segments at its carboxy terminus is associated with the luminal side of the ER membrane (Bonaldo et al. 2007 ). To study the involvement of the SA motifs in the retention of recombinant GFP in the ER, we initially introduced several deletions in this region and created recombinant YF viruses expressing GFP fused to truncated SA sequences (Fig. 2) , which consisted of the SA region, with deletions of H1 and CS of the stemdomain (virus YF17D/GFP/∆H1CS) and only the anchor region, with the removal of the two alpha-helixes of the stem-domain (virus YF17D/GFP/∆H1CSH2). Additionally, we modified the SA region fused to GFP by either replacing the TM1 domain (YF E protein amino acid sequence from 449-467) with the TM domain of the lysosomal membrane glycoprotein-1 (amino acid sequence from 383-405) (GenBank AAA60382) or inserting the motif VALLLVA at its end (Fig. 2) . These modifications promptly promoted an increase in the hydrophobic lengths of these TM helices from 16 residues, as previously established (Zhang et al. 2003) , to 23 residues in both cases. After transfection of the synthetic viral RNA samples of each construct into Vero cells, we could detect cytopathic effects and the autofluorescence of GFP in all of the transfected cell monolayers by fluorescence microscopy (results not shown).
Replication in Vero cells -
We determined the growth ability of the recombinant viruses in Vero cells. Most of the recombinant viruses peaked at 72 h p.i. and exhibited lower rates of replication compared to the parental virus YF17D/E200T3 (Fig. 3) . The exception was that the YF/ GFP/TM1 + VALLLVA virus that displayed a peak titre of 7.24 ± 0.44 log 10 PFU/mL that is similar to peak titre of the parental virus YF17D/E200T3 (7.31 ± 0.35 log 10 PFU/mL). At 72 h, the peak titres were significantly different compared to the parental virus YF17D/E200T3 (One Way ANOVA/Dunnett's multiple comparison test; p < 0.05). However, there was no significant difference between the YF17D/E200T3 and YF17D/GFP/TM1 + VALLLVA viruses (p > 0.05).
Expression of GFP by recombinant YF 17D viruses -
The expression of GFP in virus-infected cells was verified by western blotting analysis of Vero cell lysates using a GFP-specific antibody (Fig. 4) . Each viral con- Fig. 1 : amino acid sequences of flaviviral protein E stem-anchor (SA) regions. Alignment of yellow fever (YF) 17D virus (amino acid position from 397-493, GenBank P03314), dengue 2 virus (DEN2) (amino acid position from 459-495, GenBank P29990), tick-borne encephalitis virus (TBE) (amino acid position from 460-496, Genbank Q88474). The domains of SA regions are indicated as H1, CS, H2, TM1 and TM2 accordingly to Allison et al. (1999) . The alpha-helices of SA (E-H1 and E-H2) and the stem-region (E-T1 and E-T2) determined by cryoelectron microscopic studies are indicated above the alignment (Zhang et al. 2003) . The following symbols represent the degree of conservation observed at each amino acid position: identical in all sequences (*), conserved substitutions (:) and semi-conserved substitutions (.). struct containing a reporter GFP protein with different SA compositions was capable of expressing the recombinant proteins. The recombinant proteins were processed by the cell signal peptidase, generating GFP proteins with distinct molecular weight bands as shown by SDS-PAGE: 37.9 kDa corresponds to YF17D/GFP/SA, 34.4 kDa corresponds to YF17D/GFP/ ΔH1CS, 33.1 kDa corresponds to YF17D/GFP/ΔH2, 38.5 kDa corresponds to YF17D/GFP/TM1-TM LAMP and 38.8 kDa corresponds to YF17D/EGFP/TM1 + VALLLVA. These values are consistent with the MWs predicted by in silico analysis of the lower bands. The upper bands are not suggestive of GFP dimers because the increase in the molecular weight was only of 10-14 kDa. This difference was likely due to covalent binding to some cellular protein because all of the cell lysates were boiled at 95ºC for 10 min in Laemmli buffer containing beta-mercaptoethanol and SDS prior to SDS-PAGE analysis. The control virus YF17D/E200T3 did not produce GFP and no protein could be detected with the GFP antiserum, as expected.
We also analysed GFP expression from the different recombinant YF 17D viruses in Vero cells by means of cell metabolic labelling and immunoprecipitation with GFP and YF polyclonal antisera. We could detect YF virus structural proteins C (11 kDa), E (53 kDa) and prM (26 kDa) and non-structural proteins NS5 (103 kDa), NS3 (70 kDa) and NS1 (46 kDa) in the immunoprecipitates from all of the preparations (Fig. 5) . Similar to the western blot analysis results, molecular weight variants of GFP contained different domains of the SA, which displayed comparable molecular weights (Fig. 5 ). In the cell culture supernatant, only viral E and NS1 proteins were detectable, suggesting that there is no secretion of GFP to the extracellular medium during viral infection.
Intracellular localisation of recombinant GFP expressed by YF 17D viruses -
The original GFP heterologous cassette expressed by the YF17D/GFP/SA virus is fused to the entire SA, which contains motifs involved in ER retention, such as E-TM1. We investigated whether the deletions and insertions introduced into the SA domains could modify the ER-retention profile of the recombinant protein, as previously demonstrated (Bonaldo et al. 2007 ). We examined the intracellular distribution of GFP fused to different variations of the YF E protein SA domains in Vero cell monolayers infected by the parental and recombinant YF17D/GFP viruses for up to 120 h. We subsequently established that the maximum autofluorescence of GFP was reached at 72 h p.i. for each recombinant virus.
The association of GFP with the ER was accessed by staining Vero cells infected by the recombinant GFP viruses with an ER-specific labelling marker (Fig. 6) . The recombinant proteins of all of the variant viruses were apparently dispersed at the perinuclear region, which is suggestive of ER retention. Merge images confirmed this finding for all of the recombinant viruses. It was suggested that recombinant GFP proteins may be confined to a subcompartment of the ER (Welsch et al. 2009 ). To further investigate whether the recombinant protein was directed to the secretory pathway, we also labelled the Golgi system. The perinuclear staining pattern of GFP did not overlap with the Golgi apparatus (Fig. 7) . Because one of the constructs contained a swap of the E-TM1 domain for the human LAMP-1 TM domain, we also investigated the association of GFP to the lysosome. Again, it was not possible to detect any GFP fluorescence associated with this organelle (Fig. 8) . Rhodamine-conjugated WGA was used to label the surface of fixed Vero cells that were not permeabilised with Triton X-100. Fig. 9 shows that there was no co-localisation of the GFP expressed by the different recombinant viruses with WGA cell surface labelling. These data indicate that the modifications at the SA region fused to GFP did not promote its exodus from the ER. Therefore, the location of heterologous GFP for each of the viral constructs was restricted to the interior of the cell and not detected at the infected cell surface.
DiSCuSSioN
Given the outstanding properties of the YF 17D vaccine virus, its use as a vector for the expression of heterologous antigens toward the development of new live attenuated vaccines has been pursued by several laboratories (McAllister et al. 2000 , Franco et al. 2010 , Guy et al. 2010 . We previously developed a methodology for the expression of heterologous proteins by the YF virus based on the insertion of foreign sequences between the genes that code for the E and NS1 proteins of the 17D virus (Bonaldo et al. 2007 ). This approach involves cleavage between E and NS1 by a cellular enzyme signal peptidase (Stadler et al. 1997 ) present in the ER lumen (Bonaldo et al. 2007 ). To guarantee the correct cleavage of the precursor polyprotein and its membrane topology, we duplicated and fused the first 27 nt of the NS1 gene and the last 288 nt of the E gene to the 5' and 3' ends, respectively, of the heterologous gene. Initially, we performed the insertion of the GFP gene into the YF genome due to the ease of viral viability and heterologous protein expression monitoring. To date, several other genes have been expressed, such as the simian immuno deficiency virus Gag 45-269 fragment (Bonaldo et al. 2010) , the 261-380 fragment of the amastigote surface protein-2 of Trypanosoma cruzi (Nogueira et al. 2011) and the 19 kDa domain of the Plasmodium falciparum merozoite surface protein-1 (MSP-1) (unpublished data). These different recombinant proteins expressed at the E/NS1 region with the described genomic structure are generally retained in the ER (unpublished observations). This finding was expected because all recombinant viruses have fused to the carboxy terminus of the foreign gene, a duplication of the E protein SA domain, which is well known to contain molecular determinants that promote E protein retention in the ER as required for viral assembly (Lorenz et al. 2003 , Ciczora et al. 2010 , Hsieh et al. 2010 . Because the development of YF 17D virus as a multipurpose vector may require the synthesis and trafficking of foreign proteins to other organelles to improve their immunogenicity, we have introduced modifications in the SA portion of the heterologous GFP expression cassette and checked whether the modifications could support the exit of the cassette from the ER compartment. The exit from the ER might also be advantageous in viral assembly kinetics with a consequent increase in viral titres and yields because the ER retention of the recombinant protein could disturb the heterodimerisation of the E and prM proteins and, consequently, the viral assembly.
With the first set of recombinant viruses, which contained progressive deletions of the stem elements, E-H1, CS and E-H2, we could not detect any effect on GFP localisation in the cell, which remained associated with the ER. It is conceivable that there is no ER retention role associated with the stem-domain of E protein. The E-H1 component of the stem is apparently involved in E protein trimerisation during fusion and the heterodimerisation of prM-E during viral assembly (Allison et al. 1999) . Accordingly, mutations in E-H1 lead to impairment of the viral assembly and viral infectivity (Allison et al. 1999 , Lin et al. 2011 . CS is a conserved and flexible region connecting the two alpha-helices of the stem. Peptides containing part of this region are capable of binding to late-stage fusion intermediates and inhibit viral entry in the cell (Schmidt et al. 2010a, b) . The E-H2 element has been associated with the stabilisation of prM-E heterodimer interactions. Hence, mutations in E-H2 disturb the membrane binding ability of the stem, cause deficiencies in viral assembly and reduce infectiousness (Allison et al. 1999 , Lin et al. 2011 . Because the different deletions introduced in the carboxy terminus of the recombinant GFP allowed the regeneration of three different YF viruses with similar growth properties, they likely have the same effect on viral fitness. The other group of recombinant YF 17D viruses expressed GFP recombinant proteins with alterations in E-TM1. In this case, we investigated whether a longer TM domain with 23 amino acids, instead of 16 amino acids, could promote the export of recombinant GFP from the ER. This assumption was based on the findings that the TM domain lengths of early and late compartment proteins display organelle-specific properties, which are related to the lipidic bilayer thickness (Bretscher & Munro 1993 , Levine et al. 2000 , Sharpe et al. 2010 . The first modification consisted of the swap of E-TM1 for the single TM domain of the lysosomal membrane glycoprotein-1 or LAMP-1. LAMP-1 possesses a highly N-linked glycosylated luminal domain, a single-TM domain and a short cytoplasmic tail carrying a lysosome-targeting signal at the COOH terminus (Chen et al. 1988 ). We did not expect this LAMP-1 TM domain to promote the delivery of GFP to the lysosomes because only its TM domain was used in the viral construction and not the LAMP-1 cytoplasmic tail motif. However, we intended to investigate whether the presence of a 23 amino acid-long TM domain in the recombinant GFP cassette could support its departure from the ER to another organelle. The same rationale was employed in designing other recombinant viruses, in which the E-TM1 of recombinant GFP was modified by the insertion of the VALLLVA sequence. The inser- Fig. 9 : viral infected labelled with wheat germ agglutinin (WGA). After 72 h of infection with the recombinant viruses, Vero cells were fixed and labelled with the lectin WGA tetramethylrhodamine conjugate (red). Nuclei were stained with 4'-6-diamidino-2-phenylindole (DAPI) (blue) and green represents the GFP autofluorescence. Bar = 20 µm.
